1. Introduction {#sec1}
===============

Despite advances in medical therapies, cancer is still ranked among the most common causes of death worldwide. While the treatment options are manifold, neoadjuvant and/or perioperative chemotherapy are considered essentially important for the progression-free and overall survival of cancer patients [@bib6]. However, it is well known that the high toxicity of chemotherapy leads to a number of tremendous short- and long-term adverse effects (i.e. chemo toxicity), presenting a dramatic impact on the quality of life of these patients. Most common short-term side effects include nausea, emesis and cancer-related fatigue, while long-term effects are characterized by declines in physical performance and decreased quality of life, accompanied by neutropenia-induced declines in immune function [@bib7], [@bib18], [@bib27], [@bib30].

Physical exercise is known for its potential to reduce chemo toxicity throughout a wide range of cancer entities [@bib14], [@bib24], [@bib26], [@bib29], [@bib31], [@bib32]. However, the observed absolute effects of exercise are often only moderate [@bib8], [@bib31]. This outcome may be especially related to a poor training adherence, which is typically reported in these patients [@bib13]. Moreover, most of the available studies have utilized low to moderate exercise intensities in training regimes, while studies specifically investigating high-intensity interval training for the adjuvant treatment of cancer are rare.

Previous studies have indicated that increasing (i.e. hyperoxia) or decreasing (i.e. hypoxia) the fraction of inspired oxygen (FiO~2~) during exercise training may induce substantial physiological alterations both in diseased [@bib4], [@bib16] and healthy populations [@bib34], [@bib35], and may, thus, also enhance the effects of exercise as an adjuvant therapy for cancer patients. For example, Moore and colleagues [@bib16] showed in patients with chronic heart failure that exercise in hyperoxia led to increased arterial oxygen saturation, while concomitantly reducing minute ventilation, cardiac output and subjective scores for fatigue. Similar findings were also observed in a previous pilot study in diabetic patients during sub-maximal aerobic cycling exercise [@bib4]. Both moderate and high-intensity exercise in mild hypoxia, on the other hand, have previously been shown to mobilize NK-cells and improve NK-cell cytotoxicity [@bib34], [@bib35] in healthy subjects, which would possibly aid slowing down tumor growth in cancer patients. The effects of strenuous exercise in hyperoxia on immune function have yet to be investigated.

According to Craike and colleagues [@bib5], exercise regimes which are perceived less strenuous but do not compromise or even optimize the training-induced physiological and patient-related outcomes will help to increase adherence to exercise and reduce attrition. The aim of this 4-armed study is, thus, to investigate the feasibility of a high-intensity interval training (HIIT) performed with increased FiO~2~ as compared to the same training performed in normoxia. As patients undergoing chemotherapy may not be able to perform strenuous exercise training in hypoxic conditions, a third group will be included into this study performing all high-intensity interval bouts with an increased FiO~2~, while during the rest periods FiO~2~ will be reduced (i.e. hypoxia). In other words, we are aiming to assess whether the physiological and patient-reported outcomes can be improved, while the perceived effort is reduced when FiO~2~ during strenuous exercise as well as the rest periods are modified.

2. Materials and methods {#sec2}
========================

The current study will be carried out in accordance with the declaration of Helsinki and received ethical approval by the Ethics Committee of the German Sport University, Cologne. All participants are requested to provide written informed consent prior to participation. The study is registered both at the German and the WHO trial registers (DRKS00011689) and is accredited by the German Cancer Society (ST-U051).

2.1. Study design {#sec2.1}
-----------------

This study will be performed as a randomized controlled trial (RCT) consisting of 4 arms ([Fig. 1](#fig1){ref-type="fig"}). Following recruitment and pre-screening, subjects will be randomized into one of the following four groups:Normoxia:High-intensity interval training in normoxia (FiO~2~ 0.21).Hyperoxia:High-intensity interval training with both exercise and rest-periods performed in hyperoxia (FiO~2~ 0.3).Hyperoxia/Hypoxia:High-intensity interval training with exercise performed in hyperoxia (FiO~2~ 0.3) and rest-periods performed in hypoxia (FiO~2~ 0.15).Control:"Usual care", i.e. no prescribed Training and no modifications in inspired oxygen concentrations.Fig. 1Overall study design.Fig. 1

2.2. Sample size calculation {#sec2.2}
----------------------------

A priori calculation was performed in order to assess the sample size needed to detect both statistically and clinically significant findings. Due to the novelty of the present study, the sample size calculation was based on previous studies investigating intense physical exercise during cancer treatment [@bib1], [@bib20], [@bib25], [@bib31], [@bib33] and was performed by G\*power (version 3.1.9.2, Heinrich Heine University, Dusseldorf, Germany). The calculation was based on group × time interaction effects with a 4 × 2 mixed analysis of variance (mixed ANOVA) for the primary endpoint (adherence). In order to achieve an effect size of 0.7 with a power (1-ß) of 0.95, for most of the questionnaire-assessed patient related outcomes as well as changes in aerobic performance (i.e. secondary endpoint) at least a total of 40 subjects (n = 10 per group) are required. Based on our previous experience and the relatively short duration of the study, we are expecting the overall drop-out rate to be approximately 10%. Thus, 12 subjects per group will be recruited, leading to a total of 48 subjects.

2.3. Inclusion and exclusion criteria {#sec2.3}
-------------------------------------

This study will be conducted with cancer patients, currently undergoing chemotherapy. The in- and exclusion criteria are presented in [Table 1](#tbl1){ref-type="table"}. Due to the pilot character of this study and the feasibility as a primary outcome, the study is not restricted to any type of cancer with the exception of lung- and/or bronchial carcinoma.Table 1In- and exclusion criteria.Table 1Inclusion criteriaExclusion criteria•Men and women with carcinoma undergoing the first cycle of chemotherapy•Patients treated with conventional chemotherapy:−Alkylating agents−Antimetabolites−Anthracyclines−Taxanes−VincaalcaloidesAND/ORPatients treated with antibody therapy•ECOG performance status 0-1•Patients with lung and bronchial carcinomas•Recent serious cardiovascular events (including but not limited to poorly controlled hypertension and congestive heart failure)•Medical conditions such as uncontrolled infection or cardiac disease that would make this protocol unreasonably hazardous for the patient•Psychiatric illness, preventing the patient from giving informed consent or adhering to the study protocol•Known spinal cord compromise or instrumentation due to metastatic disease.•Peripheral neuropathy ≥ grade 3•Patients participating in vigorous aerobic exercise for more than 60 min per week or resistance exercise two or more days per week•Shortness of breath, chest discomfort, or palpitations when performing activities of daily living•Ongoing restriction of physical activity with physician documentation

2.4. Screening and randomization {#sec2.4}
--------------------------------

Patients will be screened by an oncologist prior to being included into the present study. Subjects will the undergo an additional medical check through a cardiologist in order to assess that intensive aerobic training can be performed without any concerns. After the medical screening and baseline testing, the stratified randomization using a minimization approach will be carried out by using RITA software (Randomization In Treatment Arms, Evident, Germany). The stratification factors will include 1) patients age and 2) gender.

2.5. Training intervention {#sec2.5}
--------------------------

The prescribed exercise training will consist of high-intensity interval (HIIT) training on a bike ergometer for 4 weeks. The training intensities will be determined by percentage of the maximal Wattage (W~max~) obtained during an initial performance test at baseline. Training will be performed twice per week and will consist of 4--5 × 2 min high-intensity training bouts at 80% of the W~max~, separated by 3 min of recovery at 40% of W~max~. Training will be synchronized with the individual drug administration and scheduled medical appointments of the patients. In order to allow for sufficient recovery, two subsequent training sessions will be separated by at least 48 h.

Normobaric hyperoxia and hypoxia will be supplied by a HYPOXcontrol device (Medicap homecare GmbH, Ulrichstein, Germany). A gas-air mixture will be directly supplied via a flexible tube from the "device to the respiration mask, where it will be further mixed with ambient air. Subjects in the hyperoxia group will train at an increased oxygen concentration throughout all training sessions (FiO~2~ 0.30). Subjects in the intermittent hyperoxia and hypoxia group will receive additional oxygen supply during each high-intensity bout (FiO~2~ 0.30), while the inspired concentration of oxygen will be reduced during the rest periods (FiO~2~ 0.15). The FiO~2~ will be blinded to the subjects, while patients in the normoxia group will perform the training without a mask.

2.6. Measurement time points {#sec2.6}
----------------------------

All study outcomes will be assessed both before and after 4 weeks of training. In order to determine the acute responses of a single training session, selected measurements will also be performed before and after the first (week 1) and last training session (week 4).

2.7. Endpoints and measurements {#sec2.7}
-------------------------------

### 2.7.1. Primary endpoint {#sec2.7.1}

The primary outcome of this study is to investigate the feasibility and compliance, tolerance and safety of the prescribed training.

### 2.7.2. Secondary endpoints {#sec2.7.2}

The following secondary endpoints will be assessed:•Questionnaire-assessed patient-related outcomes such as quality of life, fatigue and cognitive function•Chronic changes in aerobic capacity•Chronic changes in body composition•Acute and chronic changes in deep tissue and transcutaneous oxygen saturation•Chronic changes in arterial stiffness•Acute and chronic changes in red blood cell deformability•Acute and chronic changes in anabolic and catabolic hormone concentrations, reactive oxygen species (ROS), cytokine profiles and NK-cell toxicity

### 2.7.3. Measurements {#sec2.7.3}

All assessments will be performed prior to the start of the training (baseline) as well as after 4 weeks. Selected measurements will also be performed both before and after a single training session in week 1 and 4 (i.e. session 2 and 8), respectively (immune status, red blood cell deformability, heart rate variability and transcutaneous oxygen saturation).

The following measurements will be performed:

### 2.7.4. Feasibility and compliance {#sec2.7.4}

In this study, feasibility will be assessed by trial completion, training adherence and compliance, program tolerance and patient safety. Program adherence and compliance will be assessed using exercise diaries indicating the number of training sessions performed and the total duration spent at high- and low training intensities. Program tolerance will be assessed by means of visual analogue scales (VAS, 0--10) and recordings of perceived exertion (Borg Scale, 0--10) during each training session. Furthermore, autonomous nervous function will be assessed non-invasively by heart rate variability (Firstbeat Technologies, Jvsäkylä, Finland) before, during and after the training intervention. Safety will be determined by the number of reported adverse events.

### 2.7.5. Questionnaire-assessed patient-related outcomes {#sec2.7.5}

Perceived fatigue (Functional Assessment of Chronic Illness Therapy -- Fatigue \[FACIT-F\]), the quality of the treatment (Functional Assessment of Chronic Illness Therapy -- Treatment rating \[FACIT-TS-G\]), cognitive function (Functional Assessment of Cancer Therapy -- Cognitive Function \[FACT-Cog\]), sleep quality (Pittsburgh Sleep Quality Index \[PSQI\]), pain (Brief-Pain Inventory - Short Form \[BPI-SF\]) and quality of life (European Organization for the Research and Treatment of Cancer Quality of Life Questionnaire \[EORTC-QLQ-C30) will be assessed by questionnaires before and after the study.

### 2.7.6. Aerobic capacity {#sec2.7.6}

An incremental test on a cycle ergometer will be performed in order to assess the maximal aerobic capacity of the subjects. In agreement with the guidelines provided by the WHO, the test will commence at 25 Watts, while the load will be increased by 25 Watts every 2 min until voluntary exhaustion. Patients are requested to maintain a pedalling frequency of 60 rpm. Throughout the test, ECG will be recorded and followed-up by a cardiologist. Furthermore, capillary blood samples will be collected from the earlobe at the end of each stage for the determination of blood lactate concentrations. Additionally, breathing gases and heart rate will be monitored throughout the test.

### 2.7.7. Deep tissue and transcutaneous oxygen saturation {#sec2.7.7}

Deep tissue oxygenation will be assessed by near-infrared spectroscopy (moorVMS-NIRS, Moor Instruments, Devon, UK) and transcutaneous oxygen concentrations will be assessed subcutaneously by an optical tcpO~2~ probe (HYPOXcontrol, Medicap homecare GmbH, Ulrichstein, Germany). Oxygen saturation will be assessed from the M. Rectus Femoris as well as M. Bizeps Brachii both, throughout the first and last training sessions.

### 2.7.8. Arterial stiffness {#sec2.7.8}

Arterial stiffness will be assessed by a pulse wave analysis (Mobil-O-Graph, IEM, Stolberg, Germany) through oscillometry, both before and after the 4 weeks of training.

### 2.7.9. Red blood cell deformability {#sec2.7.9}

Capillary blood samples will be drawn from the earlobe (20 μl) and mixed with an isotonic viscous polyvinylpyrrolidone (PVP) solution to assess red blood cell (RBC) deformability both before and after the 4 weeks of training as well as both before and after the second and last training session, respectively. The deformability will be measured by a laser-assisted optical rotational cell analyzer (LORCA; RR Mechatronics, Hoorn, the Netherlands), as has been described previously [@bib11].

### 2.7.10. Venous blood sampling {#sec2.7.10}

In this study, venous blood samples will be collected at 6 time points (prior to and after the intervention, as well as prior to and after the second and last training session, respectively). Collected serum will be used to determine anabolic and catabolic hormone concentrations (Testosterone, Cortisol, Catecholamines) as well as ROS. Collected EDTA blood will be analyzed for cytokine profiles as well as NK-cell cytotoxicity.

2.8. Data analysis {#sec2.8}
------------------

Within- and between-group analyses will be performed in order to investigate 1) basal adaptations induced by 4 weeks of training, 2) acute loading responses and recovery before the training intervention, 3) acute loading responses and recovery after 4 weeks of training and 4) training- or exercise-induced changes in acute loading responses and recovery. Data will be checked for normality and log transformed prior to applying parametric statistics. Group × time interactions for basal measures and acute exercise responses will be analyzed by a mixed ANOVA of co-variance, by taking into account the initial individual values at baseline (for comparisons of basal values) or the pre-loading values (acute for comparisons of acute exercise responses). Changes in the acute exercise responses induced by the training will then be assessed by a paired *t*-test using the relative changes of each training session (from pre-exercise to post-exercise), respectively. All results will be analyzed by the intention-to-treat approach to provide unbiased comparisons among the treatment groups. The statistical significance for all tests will be set at 0.05. In order to determine clinical significance of the findings, effect sizes for both within and between-group comparisons will be reported as Cohen\'s d. Statistical analysis will be performed by IBM SPSS 22.0 (SPSS, Inc., Chicago, IL, USA).

3. Discussion {#sec3}
=============

This study provides an innovative approach for exercise with modified FiO~2~ as an adjuvant therapy in cancer patients undergoing chemotherapy. While it has been well documented that physical exercise may aid in reducing chemotherapy-induced side effects in various types of cancer [@bib1], [@bib2], [@bib14], [@bib24], [@bib26], [@bib29], [@bib31], [@bib32], little is known on the effects of exercise with modified systemic oxygen concentrations on cancer-specific outcomes and this knowledge stems from studies in healthy subjects [@bib34], [@bib35].

The primary outcome of this study is to investigate the feasibility and compliance of HIIT with increased FiO~2~ as well as both increased FiO~2~ during exercise bouts and reduced FiO2 during rest intervals in cancer patients treated with chemotherapy. Based on previous studies in patients with diabetes [@bib4] and chronic heart failure [@bib16], we hypothesize that such training will significantly reduce the perceived effort and, thus, the physical strain of strenuous exercise. This will be assessed by patient-related outcomes, such as fatigue and pain scales, as well as RPE-scores. As a novel tool in this population, we will also implement the assessment of autonomous nervous function by means of heart rate variability, throughout the exercise protocol as well as the consecutive nights. Furthermore, measures of hormone concentrations will provide an objective measure to determine the anabolic or catabolic state, acutely induced by a single exercise session and chronically after 4 weeks of training [@bib36].

Despite the investigation of feasibility and compliance, we are also aiming to gain initial insights into the physiological adaptations of such training regimen in cancer patients. In a previous review in healthy individuals, it was shown that exercise in hyperoxic conditions may acutely enhance endurance and sprint interval performance by accelerating recovery processes. Furthermore, studies clearly indicate that an increased FiO~2~ leads to an enhanced cellular diffusion of oxygen [@bib15], [@bib23], but significantly less is known about physiological adaptations to prolonged training [@bib28]. Thus, in the present study oxygen delivery capacities will be assessed by means of oxygen consumption during an incremental bike ergometer test, pulse wave analysis, near-infrared spectroscopy and red blood cell deformability.

Both moderate and intensive exercise in hypoxia have previously been associated with increased NK-cell mobilization and cytotoxicity in healthy individuals [@bib34], [@bib35]. It is likely that these effects were in part triggered by an increased secretion of stress hormones (e.g. catecholamines) due to an increased selective detachment of NK-cells from endothelial cells as shown both in animal [@bib19] and human studies [@bib3]. Even though in the present study hypoxic air will only be administered during rest periods in between bouts of HIIT, changes in catecholamines will also be assessed and possible associations with potentially improved NK-cell mobility will be determined.

Much of the beneficial effects of aerobic exercise in both healthy subjects and patients are thought to be brought about by oxidative stress [@bib12]. Initially the production of reactive oxygen species (ROS) induced by exhaustive exercise may induce tissue damage [@bib21] and, thus, blunt muscle contractions [@bib22]. In fact, it has also been shown that increased ROS potentially contribute to the progression of cancer [@bib10]. However, this transient increase in ROS is typically accompanied by an adaptive up-regulation of antioxidant genes, improving immune function [@bib9] and stimulating adaptive systemic responses [@bib17]. Because it is reasonable to assume that modified FiO~2~ during exercise will impact on the oxidative stress response, this will be assessed in the present study.

To the best of our knowledge, to date no studies have investigated the combined effects of exercise and hyperoxic and/or hypoxic conditions in cancer patients. Based on findings of previous studies in both diseased and healthy populations, it is reasonable to assume that such method may substantially increase the adherence to regular exercise in these patients, while it may at the same time provide a larger window for beneficial physiological adaptations.
